Mice emit ultrasonic vocalizations (USVs) during a variety of conditions, such as pup isolation and adult social interactions. These USVs differ with age, sex, condition, and genetic background of the emitting animal. Although many studies have characterized these differences, whether receiver mice can discriminate among objectively different USVs and show preferences for particular sound traits remains to be elucidated. To determine whether mice can discriminate between different characteristics of USVs, a playback experiment was developed recently, in which preference responses of mice to two different USVs could be evaluated in the form of a place preference.
Introduction
Many animals use vocalizations for intraspecific communication. In the mouse Mus musculus, one important type of communication signal is ultrasonic vocalizations (USVs), which have frequencies higher than 20 kHz. USVs emitted by mice are considered a component of social recognition in male-female [1] [2] [3] [4] , female-female 1, 5 , and male-male 1, 6 interactions. USVs are also emitted by pups when they are isolated from their mother, which increases her pup-retrieving behavior, and therefore pup survival 7 . Although many reports have analyzed and categorized mouse USVs 8, 9 , the behavioral responses and neural mechanisms of the receiving animal have been less documented 10, 11 . The latter is necessary to clarify the biological significance of the various characteristics of USVs. To reveal these mechanisms, the playback experiment is an efficient method. Recent playback studies have revealed that female mice are attracted to USVs 12 , and that they prefer USVs from males that are different from their parents 13, 14 . This article explains the playback test used to evaluate USV preference in mice. A two-choice test box was developed in which two different USVs can be played back simultaneously in two compartments of a test enclosure, as shown in Figure 1 . This type of test box prevents sound contamination by dividing the test area in three sub-chambers, using lead walls. The ultrasound emitters are located outside each room. In the wall between the rooms and ultrasound emitters are holes covered with wire mesh. Mice can move freely in the three rooms, and show a "searching the mesh" behavior, as if to respond to USVs played back by the ultrasound emitters. In this test, mice stay for periods of different duration close to one sound emitter or the other. These parameters can be logged to obtain a sensitive measure of sound preference.
To play the USVs back, nanocrystalline silicon thermo-acoustic emitters (i.e., "nc-Si emitter") were used as in previous studies [15] [16] [17] . These devices are composed of a thin-film heater electrode, a nano-porous silicon layer, and a single-crystalline silicon wafer. The digital sound file is converted to an analog signal and then passed through the heater electrode. The device converts the resulting voltage-dependent thermal signals into significant sound pressure with low distortion. This device is unique in that, unlike common sound generators that depend on mechanical vibrations, it can reproduce sound without the need of a diaphragm. The emitter exhibits a flat sound pressure level at frequencies from 20 to 160 kHz (Figure 2) , and can reproduce digitally recorded murine USVs very accurately in terms of duration, frequency, and sound pressure level 15, 18, 19 .
In a representative experiment shown in Figure 3 , C57BL/6 (B6) females were allowed to choose between BALB/c (BALB) male USVs and background noise. In addition, Figure 4 shows the choice of B6 and BALB females between simultaneous USV playbacks from a BALB and a B6 male, as reported in a previous study 14 . The characteristics of male USVs differ between B6 and BALB strains 20 . As shown by these results, the attractiveness of USVs can be assessed with the present protocol, in which sounds are recorded from a live individual, acoustically analyzed, and played back to other individuals.
Protocol
All procedures were approved by the Ethics Committee of Azabu University. All experiments were carried out in a soundproof chamber. 
Animal Preparation

Devices (Figure 1)
Test Box
1. Build the test box using acrylic board (Figure 1) . Note: The test box (35 x 20, and x 20 cm high) is divided in three compartments: a neutral zone (15 x 20 cm), and rooms A and B (20 x 10 cm, each). Rooms A and B each have a 4 cm-diameter hole that is covered with a 0.5cm wire mesh. The holes and mesh are located at each end of rooms A and B. Make gates (5 x 5 cm each) between the neutral zone and rooms A and B. 2. To prevent sound leakage insulate each ultrasound emitter, except for the side facing the mesh, using rubber plates, sealing them to the box around the perimeter of each mesh. 3. Place lead seals on both sides of the wall between rooms A and B for sound insulation. To play back the two sound files simultaneously, export them as a single stereo sound file, with one file for the "left ear" and the other file for the "right ear." 4. Filter the sound files using as high-pass filter with a cutoff of 40 kHz. 5. Reduce noise using the noise-reduction tool in post-processing software. Select and capture a segment of the file that contains no USVs as the noise-reduction profile, and run noise reduction with level 40.
Preparing for Sound Playback
2. Calibration of Playback Sounds 1. Ensure that the space between ultrasound emitters and microphone is 10 cm. 2. To calibrate sound pressure levels from the ultrasound emitters, perform ultrasonic monitoring using the configuration described in Step 2.1. Measure the sound pressure level by the microphone in decibels (dB). 3. Using the attenuator and amplifiers, adjust the volume of the USVs generated by the ultrasound emitters to the same sound pressure level as the male USVs recorded in Step 3. 4. When using the two ultrasound emitters and a sound file composed of USVs and background noise, confirm that the two ultrasound emitters exhibit the same sound pressure level using a calibration sound (e.g., a 75-kHz pure tone) before performing the behavioral test. 5. When reproducing a sound file composed of two streams of USVs, adjust the two generated sound pressure levels to the same level, before testing.
Two-choice Test
1. Place the ultrasound emitters behind the meshes of the test box. 2. Close the gates to rooms A and B with an acrylic board, and habituate the female subject to the neutral zone for 30 min. Cover the box with acrylic board to avoid that the mouse can escape. 3. Start video recording using a CCD camera mounted above the box. The camera (not shown in Figure 1 ) covers the area of all three compartments. 4. Remove the gate and cover-board and allow the female to explore freely the test box, including the sound zones. 5. Once the female has investigated both meshes, and has returned to the neutral zone, start playing a 20 sec sound file repeatedly for 5 or 10 min. 6. Conduct behavioral monitoring for 5 or 10 min. 7. To reduce undesired olfactory cues deposited from the previous subject, clean the test cages between the tests with 70% ethanol. 8. Switch the place of ultrasound emitters A and B randomly to avoid inherent side bias effect towards rooms A or B.
Statistical Analyses
1. Using behavioral event-scoring software, analyze the following parameters: total number of entries in each room; total duration of stay in each middle zone; total duration of stay in each sound zone; and total duration of search of each mesh in front of ultrasound emitter. Figure 1 illustrates what is meant by "middle zone" and "sound zone." Note: In cases where the mouse stays on the dividing line between the two zones (Figure 1, dashed line) decide the location by the direction of the head. When the head faces the mesh side, it is scored as a stay in the sound zone. 2. For each behavioral parameter, compare responses for rooms A and B using a Wilcoxon signed-rank test, or paired t-tests with a significance level of 0.05.
First, there was no significant difference in total duration of stay in rooms A or B during investigation time before playback ( Figure 3A) , demonstrating that there was no side bias.The results also showed that there was no difference between the background-noise side and the male-USVs side in the number of room entries, analyzing the first 5 min, the last 5 min, and total testing time ( Figure 3B) . Figure 3C shows cumulative seconds of duration of stay in each room during playback (i.e., total duration of stay in the middle zone, and in the sound zone). The subjects spent significantly longer time in the BALB male-USV side than in the background-noise side when analyzing the first 5 min (p = 0.043), or the total testing time (p = 0.043). There were no significant differences in these parameters when analyzing by last 5 min. There were no significant differences between the background-noise side and the male-USVs side in the middle zone (Figure 3D) . However, B6 females spent significantly longer time in the sound zone and searching the mesh in the BALB male-USV side, compared to the background-noise side, when analyzing the first 5 min (Sound zone, p = 0.018, Figure 3E ; Mesh, p = 0.018, Figure 3F ) or total testing time (Sound zone, p = 0.028, Figure 3E ; Mesh, p = 0.043, Figure 3F) . The results clearly demonstrate that a B6 female approaches more the reproduced male-USVs than the background noise, particularly in the first 5 min.
This two-choice test is useful to compare the characteristics of USVs. In a previous study, this test was used to determine USV preference of B6 and BALB female mice for USVs from males of these strains 11 . When using a playback combination of USVs from a B6 (133 syllables per 20 sec) and a BALB (108 syllables per 20 sec) male, female mice of each of these strains showed longer searching times for the USVs of males of the other strain than of their own one (Figure 4) .
Figure 2. Measured Sound Pressure Level (SPL) Generated by the nc-Si Emitter as a Function of Frequency.
An almost constant SPL of approximately 80 -90 dB is observed between 40 and 160 kHz. AC input power is 1.3 W in this case. The emitter was placed at a distance of 20 mm from a high-frequency condenser microphone and aligned with its center. This figure has been modified from Kihara 19 . Please click here to view a larger version of this figure. and BALB (n = 10) females in diestrus exposed to male-soiled bedding before testing showed longer duration search times for the other strain USVs. Values shown are mean + standard error; * indicate significant differences (p <0.05); Wilcoxon signed-rank tests. This figure has been modified from Asaba 14 . Please click here to view a larger version of this figure.
Discussion
Here, the results of a representative test showed that female mice can discriminate between artificial male USVs and background noise (Figure  3) . The conclusion to be drawn from these results is that the discrimination signal is reflected in the duration of stay in the room and sound zone, and in the duration of searching the mesh in the first 5 min of testing, but not in the second 5 min (Figure 3C, E and F) . These data indicate that mice become habituated to the playback sounds, possibly because of lack of social contact occurring near the ultrasound emitter. Therefore, the optimal testing time is 5 min.
These findings might be accounting for the fact that USVs are just "more novel sounding than noise." However, a previous playback study showed that female mice were attracted to the sounds of male USVs, but not to novelty artificial sounds 12 . It is assumed that merely novel sounds are not affective to female mice.
As expected, USV preference was dependent on the phase of the estrous cycle, since social investigation towards a male is enhanced by moderate levels of estrogen 23 . A previous study has revealed that females in pro-estrus or estrus do not show the preference for USVs of males of a different strain observed here 14 . Therefore, only females in diestrus were used in the present study; in general, when using females for this test, the phase of the estrous cycle should be known.
The limitation of this test is that USVs generated by the ultrasound emitter are one-way playback sounds. This test is not appropriate to evaluate the role of USVs in complex social interactions.In addition, inbred strains of mice such as B6, can exhibit a severe hearing loss after 12 weeks of age 24 . Therefore, it is recommended that all mice used in this test are less than 12 week-old.
In case of failure to observe differences in response related to the playback sounds, the addition of other social cues could help make the subject more sensitive to the sounds. For instance, it is recommended that the test subject be exposed to mouse odor during the habituation time in the neutral zone. In a previous study, the preference of females for some USVs over others was potentiated when they were exposed to male-soiled bedding, or to the male pheromone ESP1 25 before behavioral testing. In the absence of male-odor stimuli, females did not show a preference for USVs of males of a different strain 14 .
This model allows comparing the various features of murine USVs. The characteristics of mouse USVs change with maturation from pup to adult 26 , and differ across strains 1, 20, 27 . In addition, the female estrous cycle influences male courtship USVs 28 . Moreover, the rate of male production of USVs, and the incidence of a specific syllable type show a temporal increase related to male mounting behavior 28, 29 . Research using models of communication disorders have demonstrated unusual repertoires of USV profiles 2, [29] [30] [31] [32] [33] . However, the question of whether the receiver mice can discriminate and show a specific response to these different USVs remains to be elucidated. The present protocol increases the usefulness of mouse USVs for understanding the context-dependence of social signal production and auditory reaction, and for uncovering the characteristics of attractive vocal communications in mice.
Disclosures
The authors declare that they have no competing interests.
